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ANNOTATION

Endogenic and exogenic events leading to the appearance of large

volumes of molten material on the lunar surface must be accompanied

by volatilization of elements in the vacuum [1]. However, until.

recently, it ihas not been clear whether the process of volatiliza-

tion actually occurs on the Moon. This would explain the lowering

(compared to the Earth) of the content of certain elements on the

lunar surface (Na, K, etc.). In the literature on this topic, there

are contradictory conclusions (O'Hara, Ringvud, and others) [2].

The many laboratory experiments on similar processes [3 - 15] are

not sufficient for an interpretation, primarily due to the absence

of an adequate physical model and theory of the process, and also

because of the limited range of parameters (T, p, T) accessible in

the various experimental methods.

In the present work, a physical model is worked out and a

theory is presented on the basis of an analysis of the experimental

data for the process of vaporization of volatile components of

molten rock in vacuum, taking into account the adsorption of gases

from the residual atmosphere. This model and theory then allow us

to interpret such processes. As a result, several preliminary con-

clusions are presented relative to Such phenolmena on the Moon and

their laboratory modeling.
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.VOLATILIZATION IN A VACUUM OF ELEMENTS FROMn

MELTS OF PLANETARY SURFACE MATERIAL 1'

M. D. Nusinov and Yu. B. Chernyak

1. A Basic Physical Introduction to the Process of

Volatilization

From the standpoint of thermodynamics, a system in which a /3"

constant temperature is maintained and which is continuously evacu-

ated is a typical nonequilibrium (open) system, in which a state

of equilibrium never exists.

Studying the behavior of a melt of composite composition

under such circumstances, it is found that the process of its

vaporization will proceed monotonically all the way to full vapori-

zation of the melt. Various components of the melt will exhibit

different characteristic times of vaporization. These times may

differ from each other by many orders of magnitude. From this, it

is clear that if, during the vaporization of any element, the speed

of the process sharply drops and the concentration practically

stabilizes, then it must be that the given element either has

undergone a chemical reaction to a compound with significantly

Numbers in the margin indicate pagination in the original foreign
text.
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lower volatility, or that the element was in that state to /4

begin with.

Indeed, this is indicated by mass spectrometric studies of the

composition of the vapors above molten rock in a vacuum, which

showed [13, 14] that most of the volatile alkali metals reside in

the atomic state. This shows that before leaving the melt, the

molecule resides in a dissolved state in the melt, in which it ex-

periences the weakest binding to the.basicjmaterial. As -has already

been mentioned, a volatile element may enter into a compound with ;

significantly lower volatility (e.g., Na20, H20, etc.), and thus be

firmly bound chemically to the matrix of the basic material.

The binding energy of an element with the melt is characterized

by the enthalpy (heat) of the transition. In accordance with this,

the speed of vaporization of an element residing in various com-

pounds will differ greatly, due to the exponential temperature

factor. This allows us, from a kinetic standpoint, to consider

elements only in two states: a volatile dissolved state (with the

least binding energy to the melt), and non-volatile.

Chemical changes (oxidation, for example) may be caused by the

presence of an adsprbed layer on the surface of the melt, from the

residual gases, which leads to a dependence of the component con- /5

centrations on pressure. On the other hand, the same layer ("con-

tamination") may, in a low vacuum, decidedly reduce the speed of

vaporization, as has already been shown by Knudson [16]. This also

leads to a dependence on pressure [17, 18].

It is important to emphasize that the analysis of the experi-

mental dependence on time, pressure, and temperature provides the

key to the construction of a physical model for the process. There-

fore., we shall now present an overview of the experimental data.
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2. Brief Summary of the Experimental Data

The kinetics of the process of sodium and potassium vaporiza-

tion from molten rock (including lunar material) are presented in

Figures 1 and 2 [6, 7, 8, 13].

All of these curves are characterized by the presence of a re-

gion of rapid, exponential decrease in concentration of the com-

ponent during the time (a), which will be called the kinetic stage.

The second period is "quasi-stationary", that is, with practically

constant concentration (6). For the latter, the characteristic time

of vaporization is an orderiof magnitude longer than.-for the first_.

The reader's attention is called to the two-stage character of the K

concentration variation in the low temperature (1150 - 11750 C)
experiments of O'Hara [6,7] (Figure 2b), the.nature of which will be]

explained below.

Investigations 'into th6 dependence on] pressure of the vapori-

zation in vacuum of the base elements (Si, Al, Fe, Mg, Ca, Na, K)

have been carried out at the Institute for Space Research of the /6
Academy of Sciences USSR [IKI] [12], on two types of basalt in the

region of "quasi-stationary" behavior. Typical results for the most

volatile elements, Na and K, are presented in Figures 3 and 4.

Determination of the chemical composition of the residual material

was carried out by two independent processes, micro-x-ray spectro-

scopy and chemical analysis. Both methods gave similar results.

Down to a certain characteristic pressure (p0l), the concentration

does not change. As the pressure is decreased further, a decrease

in the concentration is observed according to a power law with a

characteristic power y % 10-1 (Na and K) and y n 10 - 2 for the remain-

ing elements. The exponent y is observed to increase with tempera-

ture. A similar pressure dependence is characteristic of adsorption

processes [19, 20]. In Figure 5 and 6, the temperature dependence

of the vaporization\ of the base elements in vacuum from molten rock,
minerals, and also lunar material is presented [6 - 13]. Attention is
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called to the presence of a characteristic temperature T O and the

heat of the process p, determined by the slope of the dependence in

the region T >TO. Below, it will be shown that the existence of

two regions of pressure (P > P0) and two regions of temperature

(T Z TO) is determined by the relation between the speed of vapori-

zation of the element and its conversion into non-volatile material.

3. Elements of the Theory of Vaporization of a

Multi-Component Solution in a Vacuumlin the_

Presence of Chemical Reactions

As has been shown in [21], the vaporization of volatile com-

ponents from a melt is observed as vaporization of dissolved ele- /7

ments. The kinetics of vaporization from a multi-component mixture

in our case may be reduced to the same question for a two-component

system for the following reasons: In the first place, the speeds of

vaporization for different elements are usually so different that

one may consider the vaporization of each in turn, independent in

time from the vaporization of others. Second, even in the event

that two elements have similar vaporization rates (for instance, Na

and K), then, due to the small concentration of each, it will not

cause a noticeable effect.

Let us define Xland X 2 to be the volume concentration of a melt

element (per cm 3 ) in the volatile and nonvolatile states, respec-

tively. Then the total concentration X of the element will be

given by:

X X,* X. (1)

We shall assume that:

1) the time of the process Tf is not too large, that is, so

that the vaporization of the remaining material (the "solvent")

may be disregarded;
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(2) the process takes place in such -asmall volume

that the element transport time to the surface/ /_ Then the kinetic

equation for the concentrations X1 and X2 may be written in the form:

'P (2)
-- 2, X , A' ', (3)

The mass transfer to the surrounding vacuum environment may be

written as the difference between the forward and backward flows

and the conversion between the volatile and nonvolatile states /8

of the element may be written:

A detailed analysis of the mechanism by which a molecule returns to

the melt shows that the reverse current .(/)j is proportional to the

forward current (/l [22; 23],

and, in the pressure :range Z << 1 of interest to- us, the oeffcient

,of return Z is small,l

. 1 (5)

Thus:

The current of evaporating particles 'ji from the surface S of the

melt having a volume V, is usually related to the saturation vapor]

pressure P1 (T) above the mixture [17]:

- l. P, T/ ' "(7)

Here, .- v(p)-lis the vaporization coefficient [18]; h is a char-

acteristic depth of the molten rock, m is the mass of the evaporating

molecules or atoms, k is the Boltzmann constant.
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Let us now denote the mole fraction of the volatile component

in the solutionlas X1 . Since X1 << 1, it is a sufficient appjroxima-

tion to consider the solultion regular, with a heat of mixing equal

to i -A'6(-,). A=cwt).[2 1 , 24]. The pressure P1 (T) is then given by:

M (,v'ft) *e.A (8)

where P1 (T) is the vapor pressure of the evaporating material in

the pure state at the same temperature. Alis the universal gas con-

stant. We note that the larger .A is (in the algebraic sense), the

more rapid is the va'porization of the component mls~leltocal- )
mole

In the case of interest to us X1 << 1, so 0 -.,I . (P and p are

the molecular weight and density of the solvent, respectively) and

(I- I-2xj. It follows that:

.e P. (T) ,. e: " (9)

Denoting the multiplier of X1 in the exponent as , and the product

finZally, we obtai. t i :
2A-.'

In order to clarify the relationship between j l , K 2 1 , and K1 2 , we

compare the solution of Equations (2) and (3) for long times with

the experimental curves in Figures, 1 and 2. As t + m, the concen-

tration X1 is sufficiently small (pYit' -'and the equations midy be

linearized:

0 , (12)

Az, 1V K, (13)
6r7": -



The general solution of such a system of equations has the form:

The presence of the "quasi-stationary" region in Figures 1 and 2

shows that:

(15)

from which we may conclude that:

Ke, Cj, 4 H . (16)

This shows that in the observed experimental processes, the conversion)
of the element from the nonvolatile state is, for practical purposes,

absent. On the other hand, except for the dependence on (15), the1

relationship between the initial and final concentrations X0 and Xm

A .\ >(17)

which is usually satisfied, allows one to-writ-e

SX X,o >>,o ; (x, 0 .x X0 ), (18)

where X10 andX20 are the initial concentrations of the element in /10

the volatile and nonvolatile states.

The Inequality (18) implies that the large majority of the

molecules reside in the volatile state initially. On the contrary,

if X. x-I, then in the initial composition the majority of the

molecules are nonvolatile.

The Inequality (16), reinforcing the Inequality (Y8), allows us

to discard-the term X,'X in the system of nonlinear equations

(2), (3), which then take the form:

A. - J.x.e :IK:rl, (19)
... - - . . .. . (20)



The system (19), (20) is easily solved by quadrature:

S.. ' ) . \(21)

- (22!) _

From Equation (21), one may see that X1 decreases to zero mon,oltoni-

cally with time, while Equation (22) leads to a monotonic growth of

X2 (t). Indeed, the difference X 2 (t) - X20 is proportional to the

area under the integrand Xl(t).

Let us consider the qualitative behavior of X (t), which does

not change if we remove the term #y.from Equation (21). We then

obtain

E1tx.) - Ei(fPx, ) - j* tl (23)

where E. (Z)- is the tabulated exponential integral [26]:

OU ) j(24). u

Equation (23) gives the universal depenidence of the dimensionless

concentration U /,[t)l as a function of the dimensionless time /11

\= . t). It is clear that different initial concentrations Uo=@

correspond to displacement of the initial time bylthe quantity

EF (.XrY) in the universal relation Equation (23).

In Figure 7, the universal curve 4 (~2)/, along with X 2(t) ofl

theltotal concentration x~f~(iX)h4, are presented for two initial con-

centrations Xo0 . Xo\. From the figure, it is evident that it is

possible to have two types of kinetic behavior in the form of

two- and one-stage curves. The first of these is, realized when:

AP "o (25)

And the second, the one-stage behavior, is realized in the opposite

case. In particular, if - then the decrease of X(t)

8



immediately begins from the region, of exponential decrease in Xl(t).

All the above-mentioned cases are observed in Figures 1 and 2.

We now proceed to the analysis of the dependence of concentra-

tion on pressure, obtained in the "quasi-stationary" Imode at long

times (Tf -1 hr). The time dependence correlates with the con-

dition U < 1, for which in (21) the equations(eP 'c)and

X' t):X,. e, (26)

are linearized. Since X1() =0, it follows that:

X( n we. (27)

From this we obtain:

IExpression (28) with X = cons t  0 cannot yeld the observed powerj
-- 20 x-- _- _- __ -0,-

law pressure dependence of X . Therefore, we assume that X 0,

'[compare with (18)], and -then we have: we have: /12

( * . (29)

On the other hand, the dependence of jl on pressure, according\

\to(lO), is determined by the factor: 1

which in the case of high vacuum approaches a value of unity

S(v- f--o) [17, 18, 22, 23]. It is easy to see that the observed

pressure dependence may be obtained only if / < . In fact,

if the opposite condition is satisfied, K1 2 cancels from Equation

(29), and X. ceases to depend on pressure, as is observed for i > ;P
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The pressure P0 is determined by the condition:

.J q, ). (31)

Thus, in the case of high vacuum,

-s P \ where y = const.

Such a pressure dependence is characteristic of the Freundlich

Iadsorption isotherm [19, 20]:i

n) n,. (32)

here n(p) is the concentration of the adsor'bed molecules (atoms)\

in the residual atmosphere, and gv is the heat of adsorption

( 1 kcal/mole--[19, 20].

It-is natural to assume that:

, , n )'/ (33)

This further confirms the character of the temperature dependence

of y on T, which is. the same as that ofthe adsorption i'sotherm-. /13

The molecular mechanism for the dependence of K12 on : (and on

T) is apparently the following: oxygen, adsorbed on the surface of

the melt from the background gas, oxidizes a portion of the departing

atoms (molecules) of the volatile component, converting them to a

nonvolatile compound. Such a reaction is typically binary, hence,

H,,, n(o) -e l aot, (34)

where Q is the activation energy for the given reaction (\ 1 kcal/

mole [27]). It is interesting to note that such a mechanism requires

the presence of a diffusion current of oxidized molecules, directed

into the melt.

Let us now consider the temperature dependence of X (T). From

Equations (32) and (34), we obtain:

10



,a: ae'e " !where a tco,,. t (35)

Proceeding in analogy with Equation (10), we find:

J/ '. g. i- W; 4- c,,j i (36)

where L is the latent heat of volatilization for the pure component

,(for Na, _L=25 kcal/mole [28]). Using Equations (35) and ('36)from 1

(29), we obtain:

x ,= X ' -(0e- - ( 3 7 )

.i -.e e e (38)

The observed exponential temperature dependence shown in Figure

5 (for T > TO ) can agree with Equation (37) only in the event that

the second term (K1 2 ) in the denominator of Equation (37) is much

smaller than the first (jl). In the opposite case, for T < To,

we hav ej \.

These two regions of temperature arise if:

which is always true. The temperature T O thus has a simple physical /14

meaning: for T < To, the predominant process is the chemical re-

action I, - X Z (K ,Xo)f. For T > TO, the process of volatiliza-

tion dominates (x x o . It is clear that the temperature

T O is determined by a condition analogous to Equation (31):

(39)

from which:

- (40)

So, the assumptions developed here allow us to explain qualitatively

all the observed peculiarities of the experimental dependence of X-

11



on Tf, p, and T in the region of low pressures and moderate tem-

peratures.

At temperatures higher than the dissociation temperature for

alkali metal oxides, the coefficient K21 will be different from zero,

and the kinetics of the vaporization process will be modified.

At sufficiently high pressures P1 >> P 0 , the thickness of the

adsorbed layer will stabilize and, therefore, K 1 2 and av will cease

to depend on pressure. However, in this region Z(p 6 1 and

depends strongly on pressure. As a consequence, the kinetics of

the process and their pressure dependence are both modified.

4. Characteristics of Volatilization on the Moon

Let us now consider how much we may:use the results obtained

toward understanding the processes of volatilizationlon the Moon i(andl

also on other celestial bodies lacking atmospheres) from melts re-

sulting from endogenic (volcanic) events. We shall show that under /15

real lunar conditions, over a wide range of temperatures, the kine-

tic type of volatilization is realized. From Equations (32) -()

it follows that, in the high vacuum of the moon, K12 = O and the

residual concentration Xm 0 after sufficiently long volatilization

itimes.l

On the other hand, an estimate of the value of X 0 from Equation

(25) using the parameters of lunar material, obtained from Figure 5

[8], shows that for temperatures in the range 250 - 3000 K, the

kinetic type of volatilization of Na and K occurs when the initial

concentration X 0 < 5%. It follows that under lunar conditions only

the rapid exponential mode of vaporization is realized:

The fact that .wheni lunar material is heated [8] (Figure: 1) there is a
kinetic mode of vaporization attests to the practical absence of
oxygen in the lunar atmosphere at the time when the material was
molten.

12-



x. .. . . "3 (36)

The observed concentration of Na and K in lunar material is deter-

mined by the fact that in the corresponding temperature regime, the

process had not proceeded to completion. In the treatment of the

preceding theoretical section, it was assumed that the processes of

transport of the volatile material to the surface are not limiting,]
ithatj is, the volatilization takes place from a sufficiently thin _layer

(of thickness h). In laboratory experiments, h was equal to the full 1/16

depth of the melt, as is characteristic for vaporization from liquid

phases as a result of evaporation with a convective-diffusive trans-

port mechanism.

Under real conditions, thp th~jckness of this layer will be

strongly dependent on the ratios of the volatilization and trans-

port rates. It is clear that this layer will be thinnest in the

case of volatilization from the solid phase as a result of the

sublimation, and purely diffusional transport. For diffusional
:ransp'ort, the time conta it-- f - fa pr~cs - give~cjy-:

(37)

where D is the diffusion coefficient.

Denoting the multiplier of 1/h in Equation (10) as jo, we

obtain JK " . Equating Td/with the time constant for volatiliza-\

tion :- , we obtain an expression for the thickenss of the layer

of lunar material depleted of] the volatile components:

Tr It - .l (38)

Sincek 2)o.e-dE/-I, (AE is the activation energy for diffusion) and

a J;. 1" , it follows that h is very strongly temperature dependent:

(39)
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Due to the large values of AE (1.0 - 102 kcal/mole) [27], the depth

h thus established depends very strongly on.the entire thermal

history of the layer. Nevertheless, we must stress that the kinetic

character and high speed of the volatilization process iwithout question

demonstrates that such processes proceed with greater intensity on

the Moon. In Table 1, we present the time constant for 'volatilizationj /17

Sfor lunar material with h ' cm at various temperatures.

TABLE 1.

7oK ,15000 K I900K 5000K 300", 1

S 0.65 5 .days 25 300
Sldays _days* years i

Earth days.

Hence, the depletion of the surface layer of the moon of Na and K

constitutes convincing proof that processes of4volatilizationj]have

taken place [25].

Elements volatilizing from lunar material will be removed from

the lunar atmosphere as a result of multiple cyclical processes of

exogenic origin [emission and sputtering by the charged particles

of the "solar wind" (electrodiesorption, etc.),, photodesorption by

solar photons, micrometeorite bombardment, etc.]. If these processes

took on a global character, they would have contributed to the chemi-

cal bonding of the residual oxygen and its removal from the lunar

atmosphere.

5. On the Question of Laboratory Modeling of

Volatilization Processes

The often stated requirement of the necessity of accurate

10 -12
reproduction of lunar vacuum conditions (p 10 - 10 orr)is

in most cases, an unjustifiably rigid condition for the following

reason: For the study of the kinetics of volatilization, the pres-

sure maintained in the vacuum apparatus must be such that the

14



process of volatilization occurs necessarily in the kinetic regime /18

(jl >> K 1 2). That is, it is necessary that

This condition assures as well the fulfillment of the condi-

tions av + 1 and Z + 0. In practice, however, it is sufficient to

obtain the pressure within two or three orders of magnitude. For

volatile elements with y in Equation (32) <°'10 -2  this condition

may be weakened to simply p < p0.

Another method, which allows one to prevent the occurrence of

oxidation processes, is\ (instead of lowering p) to replace the back-

ground with an inert gas. The pressure ;simulated in this case)

is determined by Z << 1. However, there is one simulation.1

problem, requiring the reproduction in the laboratory of ultra-high

10 -12
vacuum, close to that of the moon (p 10 - 10 - 10 torr). This

problem is the accurate determination of the partial pressure of

oxygen which was present in the lunar atmosphere at the moment of

hardening of the material. Such an experiment is extremely inter-

esting, regardless of the large technical difficulties (requiring

very large pumping speed of the laboratory apparatus, as high as

105 - 107 /sec).

The choice of experimental temperature also represents an im-

portant problem in simulation. When studying the process of vola-

tilization from a thin surface layer, it is necessary to satisfy the

condition T > T O . In the study of transport processes, it is neces-

sary to study the behavior of the process over a wide range of

temperature (T < T O)

In conclusion, we point out that as the experimental basis for

the presentation given here, we have used results on the pressure

dependence p=vae2, which, to the knowledge of the present authors, /19

is not covered in the literature, with the exception of [12].

15



6. On the Role of Meteorite Bombardment in the

Volatilization Process

It is usually said, with one minor exception [29], that volatili-l

zation of elements takes place from melts formed by meteoric impact.

We shall now discuss the difference between the processes of evapora-

tion and volatilizatio.n of elemerits from the liquid phase. I

During a meteoric impact, a rather small amount of material

from the target will be evaporated at a very high temperature

('n10 - 1060 K), during which all the material will escape. A dif-

ferent portion of the material of the target will be melted. This

liquid is either formed into very small droplets (to 1 micron) or

smeared into a thin layer on the crater wall.

In this case, as will be shown below, the time constant of

solidification T. is significantly smaller than the time constants

of volatilization Tf. To begin, we shall carry out an estimate

verifying that the accumulations of liquid mass (lakes, "puddles",

etc.) do not occur in a meteor impact. The speed of movement u

of the medium behind the shock waves is connectedfiwith the specific

energy E in the same region by the relationship e % u2/2. .MeltingI

will take place if the condition E>.>Chlis fulfilled. It follows

that ' t~v2 I. If E-.g Oj i  erg/gm [30], we have,

U~IO- m/sec.

Therefore, the liquid will be thrown out of the crater at a high

velocity. Only at the point of contact between the liquid and the /20

crater wall (that is, in the hydrodynamic boundary layer) will the

speed of movement of the flowing vitreous mass be low enough to

allow the formation of a glassy layer.

We shall investigate the possibility of forming a boundary

layer of flowing liquid in the crater during the impact. For this,

we point out that the liquid, which may be left at the boundaries

16



of the crater, must be located only in a boundary layer, the thick-

ness of which we may first calculate. Let us calculate, in order

of magnitude, the Reynolds number Re for the boundary motion of the]

liquid:

where Dp is the diameter of the molten part of the crater ("pit")

which is related to the diameter of the crater D s ("zone of crush-

ing") by the relationship ~Ch [31]. For the calculation, we take

l', ~irdo!, and '-27 g/cm3 [32], where y is the viscosity of theJ

liquid, and p is the density of the liquid. Then for Ds > 1 mm,

Re >> 1, and the flow will take place with a boundary layer of

thickness [33] ~oz:/ Icm. Hence, even for craters with Ds = 100 m

and D s = 10 cm (as extreme cases), using the relations given above,

we obtain the values 6 0 = 1.0 cm and 0.3 mm, respectively.

It is clear that a layer of thickness 0.3 mm will not flow on

the rough ground. Even a layer of thickness 60 = 1 cm for a 100-

meter crater may, even disregarding its solidification, form puddles

at most-30 cm deep.

These numbers giver! an upper limit, since the outer part of

the boundary layer will be moving with a high velocity, and, in /21

such an impact, will be thrown from the crater together with the

main molten mass. These ejections will take the form of sprays,

disintegrating into individual droplets.

Further, it.should be noted that the material thrown out of

the crater will possess a maximum stable dimension dmax, such that

droplets of larger size do not exist. For this, we use the Ray-

leigh criterion for stability of sprays [34]:

1740)
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where V 0 - characteristic velocity of internal movement of the

liquid in the drop;

a - surface tension of the liquid;

p - the liquid density.

Taking V u 10 2 cm/sec, a 3 " 102 dynes/cm [32], and p 3 g/cm 3 ,
0 V

we find Zn= ~- -=/O' cm = 1 mm.

The time constant of solidifidation in a vacuum is .s-l-atx .

A straightforward calculation shows that ii .22 sec for d = 1 mm,

and it is smaller for particles of smaller size [35]. Hence, in

such a short time no noticeable volatilization from the drops may

take place, since it is possible that, e.g., Zti.o/OJsec ['i].

An analogous situation exists for still thinner layers of liquid on

the surface of the crater. We thus conclude that no noticeable

volatilization may take place after impact of a meteor.

Conclusions

1. On the basis of an analysis of laboratory experiments, we /22

have presented a physical model and theory for volatilization of

elements in vacuum from molten rock and from the surface of lunar

material.

Q 2. The process is one of vaporization of volatile elements from:a

many-component melt, proceeding in parallel with transformation of

the same elements to nonvolatile,' tightly bound states (chemical

reactions). Such reactions are explained by the interaction of the

elements with background gases adsorbed on the surface of the melt.

The final, nonzero concentration of volatile elements in the "quasi-

stationary" stage is fully explained by the very same mechanism, if

all the material was initially in the volatile state.

*Translatorts Note: Illegible in foreign text.
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3. The temporal evolution of the concentration exhibits three

stages: a) slow, b) rapid exponential (kinetic stage), and c)

"~'asi-st at ioriary : ~ol-atil iz'at ion.

For p and/ T:Vaz "iregimes, there clearly appear characteristic

parameters P0 and T determined approqximately by the relationship
between the speed of volatilization and that for conversion o0 the

elements to nonvolatile states. In the kinetic stage, the temp-

erature dependence of the rate of disappearance of the elements

from the melt is determined by the combination of the heats of l ,

vaporization. L, diffusion A, and adsorption qv, and the activation

energy for oxidation Q. The basis for the individual character

of the volatilization of any element from melts of different comp-

osition- is found in the quantity A..

4. Although in the- cirrent wbrk we did not considerAin de-tail /23

the mechanisms of diffusion of elements to the surface, we may state

that always there will.be a layer depleted in. volatile elements; the]

thickness of that layer is determined by the relationship between the}

speeds of volatilization and diffusion. If the volatilization oc-

curs by evaporation from a liquid'phase,then the layer-- will be relative ly]

thick, and if it occurs by sublimation from a solid phase, it

will be thin.

5. Laboratory experiments on volatilization of Na and K from

molten lunar material have shown [8] that the process proceeds 
at-

the beginning in the kinetic stage. This is evidence of the pre-

sence of free Na and K in the ,lunar material. The transition from

the kinetic to the "quasi-stationary" stage is understood to be

largely an effect of the apparatus. The development of these ideas

agrees well with the fact of the general depletion (with respect to

Earth) of the lunar surface material in alkali metals, and definitely

corroborates the fact that the process of volatilization 
indeed

took place in the oxygen-free atmosphere of the Moon.

19



6. Calculations show that meteor impacts form liquid in the.

form of rapidly solidifying particles of small dimensions and thin

films. Volatilization under these conditions will be totally in-

significant. The basic role in the process of volatilizatiok isQ

played by endogenic processes. I

7. The disappearance of various chemically active gases from

the lunar atmosphere may have been aided by the chemical binding

of these gases adsorbed on the surface during volatilization.

8. Simultaneous comparison of the concentrations of several /24

volatile elements (Na, K, etc.) in lunar rocks of a given-type (for

example, "sea" basalt) may serve as a supplementary chronological

characteristic of different lunar areas. The relationship between

concentrations of elements with different volatilities in a given

deposit will allow a conclusion about the temperature during the

period of formation of that deposit on the Moon.

9. The key stage of the laboratory modeling for our work-was

that in which the pressure was varied. The range of pressure we

recommend for study of the kinetic stage of volatilization is pi

10 - 107 torr (with the condition 0 << ). For reliable ex-
2

perimental study of 10  in the lunar atmosphere at the moment of
2

solidification of the surface material, we reommmend the range of

pressure 10- 1 2 - 10 - 1 3 torr, although this is obtainable only

with great technical difficulties. (We used a pumping speed of

105 - 107 i/sec.)

The authors wish to thank L. L. Perchuk, V. I. Fel'dmann,

V. P. Belov, and 0. I. Yakovlev for discussions.
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40 60 7 ,hr2

Figure 1. Kinetics of volatilization of Na and K from molten
lunar material in vacuum: --( T5 00 p,-o-torr). [8]

21



-o-K

0 3 3 ehrs

a)I

K

A\\

-Ilk

6'

b) -

Figure 2. Kinetics of volatilization of Na and
K from molten Earth rock in vacuum:

a - T 10500 C; p 10 - 6- torr [13]; b - T

1150 - 11750 C; P a 10-4 - 10-5 torr [5, 6]
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Figure 3. Volatilization of Na in vacuum from
aluminous and toleite basalts for p = var

(T ' 1300 and 15000 C) [12]
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Figure 4. Volatilization of K in vacuum from
aluminous and toleite basalts for p = var

(T % 1300 and 15000 C) [121



SComposite graph for T = var

S Na = 7.2kcal/mole, K =17.2 kcal/mole [l; 2

'Pa = 8.4 kcal/mole, 'K = 7.6 kcal/mole [10]; 3 -> 'Pa

A A 3 .o

kcal/mole; pK = 6.4 kcal/mole [36]; 4 - = 5.2 kcal/

-0-K

Na0

mole; 'P = 2.6 kcal/mole [8]; 5 - ' = 4.2 keal/mole,

'P = 2.4 kcal/mole []; 5' -- TNa = 3.2 kcal/mole;oYK
2.2 kcal/mole []; 6 --22Na = 3.8 kcal/mole; YK = 1.44

volatilization of Na and K K vacuum 10-6 tbrr' from

kcal/mole [11]; 7 - 'PNa = 0.74 kcal/mole; TYK = 0.94 kcal/

mole [l]; 8 - ' Na = 22.0 kcal/mole, K ='8.4 kcal/mole [13]
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Figure 6. Volatilization of Na, K, Si, and Fe
from molten basalt in vacuum (p 10- 6 torr)

for T= var
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Figure 7. The universal function u(t), and also the functions
X(t) and XI(t), and X"(t)
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